Background Known inflammatory markers have limited sensitivity and specificity to differentiate viral respiratory tract infections from other causes of acute exacerbation of COPD (AECOPD). To overcome this, we developed a multi-factorial prediction model combining viral symptoms with inflammatory markers.
Background
A number of studies have established that infection by a variety of respiratory viruses can trigger exacerbations of COPD (AECOPD). [1] [2] [3] [4] [5] [6] Respiratory-virus detection methods such as multiplex polymerase chain reaction (PCR) and immunofluorescence usually take at least 24-48 hours to obtain a result, are relatively expensive, are not widely available in primary practice and may not identify all possible respiratory viruses. 7, 8 Therefore, alternative methods of rapidly and accurately differentiating viral episodes may be useful to guide treatment decision-making at the onset of AECOPD. If viral infections can be identified early after onset, there will be greater opportunity to effectively target the use of antiviral therapies such as Osteltamivir and Pleconaril, potentially improving patients' clinical outcomes while containing health-care costs. 9 The inflammatory response to viral infection of respiratory epithelium causes recognisable clinical features such as oedema of mucus membranes, inflamed throat, rhinorrhoea, nasal congestion, swollen glands and watery eyes and in some cases systemic symptoms and signs such as chills, myalgia and fever. Influenza surveillance programmes use a clinical case-definition of viral infection to collect data on seasonal fluctuations in the incidence of acute respiratory illness in the community. Case definitions provide a rapid, non-invasive and inexpensive way to alert surveillance programmes of potential increases in the rate of circulating influenza. [10] [11] [12] [13] At times of high influenza circulation symptom-based case definitions have been reported to be 60-70% accurate. In the absence of an epidemic and in the elderly, the predictive value of symptoms to diagnose influenza drops to only 44%. 12 The accuracy of symptoms to diagnose other viral infections in elderly COPD patients already vaccinated against influenza is unknown. 14, 15 Experimental studies have established that measures of inflammation in the blood [interleukin-6 (IL-6), C-reactive protein] run parallel to clinical features, [16] [17] [18] [19] hence combining both these measures may aid accurate differential diagnosis. [20] [21] [22] In this study, we used regression modelling techniques and receiver operating characteristics curve (ROC) analysis to determine whether a combination of clinical features and a measure of systemic inflammation improved diagnostic accuracy to discriminate viral infection from other causes of AECOPD in vaccinated COPD patients. In this analysis, we used acute change in IL-6 and serum amyloid A levels (SAA) [23] [24] [25] as potential markers of acute amplification in inflammatory activity that might aid in the identification of acute viral infection.
Aims
To develop a COPD-specific clinical case-definition of viral illness that identifies both localised respiratory tract viral infection and systemic respiratory viral infection from data available early in the course of an AECOPD in patients already vaccinated against influenza. To evaluate whether the addition of change in IL-6, SAA increases the predictive accuracy of the multivariable clinical prediction model developed for viral infection.
Methods
Patients were recruited from the Melbourne Longitudinal COPD Cohort, is a prospective cohort of communitydwelling patients with moderate to severe COPD who are identified as at risk of requiring hospitalization for management of COPD exacerbations. Patients who had been admitted to the Royal Melbourne Hospital for management of an acute exacerbation (ICD-10 Codes J44.0-J44.9) were recruited into the cohort following discharge from acute care. Ninety-one patients were included in this study with a mean age of 72 years, 63% were male. All patients had a history of smoking (mean pack years = 50, range 10-160) and 22% were current smokers. Eight-four per cent of patients had chronic bronchitis and 13 patients had a diagnosis of bronchiectasis confirmed on HRCT. Cardiac disease was the most common comorbidity including ischaemic heart disease (29%), arrhythmias (12%), hypertension (31%) and chronic heart failure (21%). 
Definition of exacerbation

Identification of exacerbations
Identification of exacerbations at an early stage was achieved by use of individualised patient action plans that included information about symptoms and instructions to contact the study team when key symptoms developed. This was further reinforced by fortnightly phone contact. Viral symptoms (increased rhinorrhoea, nasal congestion, sore-throat, myalgia or headaches, fever and or chills) 26 were measured at stable recruitment, AECOPD onset and post-resolution and compared with the viral detection rates on PCR. Each symptom was recorded on a scale of zero (absent symptom) to three (severe).
Detection of respiratory viruses
Pathogen detection Nasal and oropharyngeal swabs for respiratory RT-PCR were obtained according to the VIDRL Influenza Surveillance protocol. 7 Nose and throat swabs were pooled in viral transport medium and transported to the testing laboratory within 2 hours in a refrigerated transport container.
Respiratory virus multiplex PCR was performed at the Victorian Infectious Disease Reference Laboratory. 7 A panel of nested PCR assays capable of detecting 10 respiratory viruses was used for amplification of nucleic acid sequences and viral identification. The following viruses were screened; influenza A (H1N1 and H3N2 subtypes) and B, picornavirus (with primers specific to enteroviruses and rhinoviruses), respiratory syncytial virus (RSV), parainfluenza (subtypes 1, 2 & 3) and adenovirus.
Measurement of inflammatory serum markers
Serum for measurement of inflammatory markers was obtained at recruitment (stable baseline), AECOPD onset and post-recovery (Day 30 to 60), in a sub-set of patients. Interleukin-6 (IL-6) was measured using ELISA for Human IL-6 (OptEIA) ELISA Set (Serial Number #555220) (BectonDickison OptEIA ELISA, San Diego, USA). The lower limit of detection was 4AE7 pg ⁄ ml. Quantitative determination of SAA was also measured using a commercial ELISA sandwich kit (Anogen, Ontario Canada) with a minimal detection limit 1AE1 ng ⁄ ml. SAA comprises four family members (SAA 1 -SAA 4 ), with only SAA 1 and SAA 2 being induced during the acute response. 6 The assay used identi-fies both SAA 1 and SAA 2 and reports the sum of both. Measurement of all inflammatory markers was performed independently from the clinical and microbiological assessment of exacerbations.
Statistical analysis
Predictive accuracy of the viral symptom score The predictive value of individual symptoms to predict PCR positivity associated with the onset of an AECOPD was assessed using logistic regression. Univariate logistic regression models were developed for each symptom individually, symptoms that had an overall odds ratio (OR) greater than one, whether statistically significant or not, were retained in the multivariable model. To determine which cut-off on the 4-point severity scale had the highest predictive value, the odds and 95% confidence interval at each cut-off were tabulated. Logistic regression models were compared sequentially to determine how much the addition of different predictive variables incrementally increased the log-likelihood ratio. 27 The diagnostic sensitivity and specificity of viral symptoms versus PCR-defined infection was evaluated using Area Under the Receiver Operating Characteristics Curve (AUC ROC) analysis. 28 Statistically the AUC ROC is a non-parametric test, similar to the Wilcoxon (Mann-Whitney U test) that is not influenced by the underlying population distribution of values. A statistically significant result has an AUC ROC > 0AE5, with a lower bound of the 95% confidence interval that does not include 0AE5.
The diagnostic utility of different prediction models were then compared using the Stata 'ROCCOMP' command, which compares the AUC ROC between two models while taking into account expected correlations that occur in the data where two tests are compared using the same dataset. 29 
Inflammatory markers
The distributions of SAA and IL-6 were approximately lognormal. To control for raised inflammatory marker levels in stable disease a difference score was generated (between log-transformed values at AECOPD onset minus those during stable state). Exponentiation of the mean difference in the natural log (log e ) values yields the geometric mean ratio of SAA or IL-6. Logistic regression was used to determine whether the difference (between AECOPD onset and stable), in log e (IL-6) and log e (SAA) were predictive of viral infection. Cluster analysis by patient was used to adjust the regression models for repeated AECOPD episodes, from the same patient, where these occurred. The diagnostic utility of log e (IL-6) and log e (SAA) was then assessed using the same statistical techniques as described above for the viral symptom score data. The final stage of this analysis was to combine clinical prediction models based on symptoms with the inflammatory marker data to assess whether this increased diagnostic accuracy. This was done using logistic regression techniques and AUC ROC analysis. Differences between models were assessed by comparing the log-likelihood ratios for the regression models and differences in the shape of the ROC curve and AUC ROC. There were 148 exacerbations included in this study analysis. Sixty-four per cent of patients with exacerbations contacted the study staff while the rest were identified on routine fortnightly phone call. The time from symptom onset to sampling was short (mean 2AE4 days), in the selfreport group median time was 1AE5 days and in the phone contact group the median time was 6 days. Eighty per cent of AECOPD were treated in the community with oral antibiotics and ⁄ or oral corticosteroids. There was a total of thirty-three viruses detected by respiratory PCR at the onset of AECOPD; Influenza A (3), picornavirus (26), parainfluenza 1, 2 or 3 (2), RSV (1) and adenovirus (1). Twenty-eight (84%) of viruses were detected on day-1 after AECOPD onset and an additional five picornaviruses were isolated at day-5 after onset. Viral detection rates by respiratory PCR was higher in the group that self-reported their AECOPD, only four viruses were detected in AECOPD identified by phone follow-up, no doubt reflecting the delay between infection onset and obtaining the viral PCR.
Results
AECOPD
Symptoms when stable
At recruitment, participants were interviewed about the presence of upper respiratory symptoms and symptoms of viral infection. Nasal congestion and rhinorrhoea were commonly reported when well; eight (28%) of patients using long-term home oxygen experienced nasal congestion and blocked nose when well and six (9AE5%) of those not using home-oxygen therapy. Intermittent rhinorrhoea not associated with colds was reported by 15 (17%) of the cohort, possibly indicating intermittent allergic rhinitis. Participants commonly reported headaches and myalgias when well eight (9%) possibly reflecting the high prevalence of osteoarthritis 22 (24%) and of osteoporosis 21 (23%) in this older patient group.
Viral symptoms at AECOPD onset and viral detection by multiplex PCR
Rhinorrhoea (82%) and sore throat (59%) were the most common viral symptoms reported at AECOPD onset and all cases of sore throat also reported rhinorrhoea. In the group who self-reported their AECOPD, 55% reported rhinorrhoea at the onset of the episode and 47% reported sore-thorat. In the group whose AECOPD were identified by follow-up phone call, 42% rhinorrhoea and 48% reported sore throat, these differences in symptom reporting rates were not statistically significant. These two symptoms were commonly associated with the detection of picornaviruses. Forty-seven per cent also reported subjective fevers, chills and myalgia associated with picornavirus infection. Parainfluenza infection was only associated with upper respiratory symptoms; sore throat (33%) and rhinorrhoea (33%). In contrast, the small number of patients with influenza infection (3) all reported systemic symptoms in addition to upper respiratory symptoms; headaches and ⁄ or myalgia (100%) and subjective fever (66%).
Individual clinical symptoms and prediction of PCR positivity
The individual symptoms with the highest predictive values were the presence of rhinorrhoea [Odds ratio (OR) 4AE52; 95% CI 1AE99-10AE29; P < 0AE001], sore throat (OR 2AE99; 95% CI 1AE99-10AE29; P < 0AE001) and nasal congestion (OR 4AE52; 95% CI 1AE10-7AE42; P = 0AE032). Subjective fever (OR 1AE04; 95% CI 0AE69-1AE56; P = 0AE85) and myalgia or headaches (OR 1AE01; 95% CI 0AE73-1AE44; P = 0AE17) were not predictive of detection of respiratory viruses overall. However, when influenza cases were considered separately from the other viruses, myalgia was predictive of influenza detection (OR 10AE15; 95% CI 1AE06-97AE73; P = 0AE05).
To determine whether seasonal variation in virus circulation changed the predictive value of symptoms, a comparison was made of the predictive value of symptoms in winter and spring compared with summer and autumn ( Figure 1) . In winter and spring, the predictive value of clinical symptom was similar to the values for the year overall (Table 1) . No combination of symptoms was a significant predictor of viral detection in summer and autumn, although there was a trend for the presence of sore throat to be predictive (OR 6AE29).
Development of a multivariable clinical case definition for viral infection
Symptoms included in multivariate clinical prediction model were rhinorrhoea, sore throat, subjective fever and myalgias. Subjective fever and myalgias were not significant predictors but were retained, as they were clinically important. Symptoms were only coded as positive if they had worsened from the severity recorded at the baseline interview. The clinical model based on patient report of viral symptoms had an AUC ROC 0AE72 (95% CI 0AE61-0AE84; P = 0AE64). At a cut-off of 0AE22, the model correctly identified viral infection in 71% of cases with a sensitivity of 68% and specificity of 71%. When the cut-off was raised to 0AE43, the model was 79% accurate with a sensitivity of 29% and a specificity of 94%.
Results Part 2: Inflammatory markers to predict viral infection
Participants
A total of 78 AECOPD from 37 patients were included in the inflammatory marker sub-study, with 63% of patients 
Interleukin-6 and serum amyloid A levels
Mean time from symptom onset to obtaining serum for measurement of inflammatory markers was 2AE4 days. IL-6 and SAA were raised at exacerbation onset compared with stable disease with a median IL-6 of 3AE57 pg ⁄ ml (IQR 1AE98-5AE96) versus 5AE56 pg ⁄ ml (IQR 2AE37-14AE06) (P < 0AE024), SAA median was 7AE62 mg ⁄ l (IQR 4AE56-12AE65) versus 28AE20 mg ⁄ l (IQR 10AE3-163AE0) (P < 0AE001); and they returned to baseline with clinical recovery. Comparing IL-6 levels between the self-reported AECOPD to those identified by phone follow-up; in stable COPD median IL-6 levels were 3AE57 versus 3AE17 pg ⁄ ml, respectively, and at AECOPD onset 5AE56 versus 4AE56 pg ⁄ ml, respectively, these differences were not statistically significant. In all 78 AECOPD inflammatory markers at AECOPD onset were compared with samples obtained in stable COPD. At AECOPD onset, patients experienced a 1AE6-fold increase in IL-6 and 4AE5-fold increase in SAA: IL-6 (geometric mean ratio 1AE63; 95% CI 1AE14-2AE33; P = 0AE008) and SAA (4AE53; 95% CI 7AE01-2AE93; P < 0AE001).
PCR positive versus negative AECOPD
The geometric mean ratio (AECOPD onset ⁄ stable) log e IL-6 in PCR-positive AECOPD was 3AE81 and in negative 1AE26. Comparing PCR-positive and -negative AECOPD, the difference in geometric mean ratio of log e IL-6 was 3AE02 (95% CI 1AE40-6AE54; P = 0AE006). The difference between onset log e IL-6 and baseline log e IL-6 levels was predictive of PCR positivity of nose and throat swabs (OR 1AE54; 95% CI 1AE14-2AE06; P = 0AE004). The ratio of SAA levels at AECOPD onset to baseline was in PCR-positive AECOPD a mean of 34AE72 (range 0AE26-153AE63) and in PCR negative AECOPD a mean of 26AE54 (range 0AE23 to 424AE65). In contrast to IL-6, differences between log e SAA at AECOPD onset compared with baseline were not strong predictors of PCR positivity (OR 1AE23; 95% CI 0AE96-1AE58; P = 0AE110).
Multivariable prediction models including inflammatory markers
There was no significant difference in the AUC ROC analysis between change in IL-6 and clinical-model (P = 0AE96). The predictive accuracy of viral symptoms alone was then compared with a model containing viral symptoms and acute change in IL-6 levels. The addition of IL-6 significantly improved accuracy (clinical model AUC ROC 0AE67; 95% CI 0AE52-0AE83 versus IL-6 & clinical model AUC ROC 0AE80; 95% CI 0AE70-0AE91; P = 0AE012) (Figure 2 ). Importantly combining IL-6 with viral symptoms increased the exclusion of episodes with minor symptoms that may have been of non-viral origin. At a cut-off of 0AE41-0AE59, the specificity was 87-96% with 78% of true viral infections correctly identified, giving a positive predictive value of 6AE84 and a negative predictive value of 0AE77.
To validate these results, the analysis was repeated excluding AECOPD in which viruses other than picornavirus were detected on respiratory PCR. The AUC ROC for change in IL-6 at AECOPD onset to discriminate picornavirus infection from other causes of AECOPD was 0AE65 (95% CI 0AE50-0AE81) and the combination of IL-6 and viral symptoms had an AUC ROC 0AE88 (95% CI 0AE79-0AE98).
Combing IL-6 and SAA into a single prediction model (not containing any clinical information) improved the predictive accuracy by 7% compared with the null (empty) model. An alternative model combining the two inflammatory markers and the clinical-model increased the predictive accuracy by 34% compared with the null model. Using AUC ROC analysis to compare accuracy of the different models, the combination of clinical symptoms with both inflammatory markers (AUC ROC 0AE82) was significantly more accurate than inflammatory markers alone (AUC ROC 0AE68; P = 0AE048) ( Figure 3 ). The addition of SAA to the clinical prediction model had the affect of ruling out more episodes as not viral, demonstrated by an ROC curve that is in the upper right hand corner of ROC space. This is consistent with SAA being associated with more severe infections. The difference between the model containing IL-6 and clinical symptoms and that containing SAA, IL-6 and symptoms was not statistically significant.
Discussion
In this analysis, we found that combining clinical features consistent with viral respiratory tract infection with a measure of acute inflammation improved the accurate discrimination of viral infection from other causes of AECOPD. Clinical features alone discriminated viral infection (confirmed by positive PCR of nose and throat swabs) approximately 67% of the time. The addition of a measure of acute inflammation, measured by change in IL-6 levels, increased diagnostic accuracy up to approximately 80%.
The predictive value of viral symptoms for the detection of respiratory viruses on PCR was modest in this study. It is noteworthy that patients reported only mild to moderate symptoms associated with viral illness and the number of significant systemic viral illnesses was low. Consistent with the predominance of picornavirus detection by PCR, the clinical symptoms with the highest predictive value were rhinorrhoea and sore throat. In contrast to the Picornavirus Index developed by Monto and colleagues 26 , we removed 'nasal congestion' as non-predictive. This may be explained by the use of domiciliary oxygen devices that cause drying of the nares and symptoms of congestion in the absence of infection. During the summer, the predictive value of sore throat increased compared with winter and spring (OR 6AE29 versus 2AE64). This indicates that while rhinorrhoea is associated with allergic rhinitis and may occur through the year that sore throat had greater specificity for viral infection. In contrast to influenza surveillance studies 11, 12 few patients in this study reported 'fever and myalgia'. This undoubtedly reflects the very low levels of influenza infection in our vaccinated COPD patient population.
The prediction models using composite of clinical features had a predictive value of approximately 70%. The relatively poor predictive value of our clinical model for identifying viral infection reflects the added complexity that chronic disease and the natural ageing process add to differential diagnosis of viral illness in older adults with COPD. 30 Symptoms of COPD, such as chronic productive cough overlap with symptoms of viral infection. Comorbidities such as osteoarthritis and rheumatoid arthritis that cause intermittent joint-pain and swelling make the significance of symptoms such as myalgia difficult to interpret. Symptom severity in response to viral infection may also be muted in this older adult population. 31, 32 It is noteworthy that very few patients experienced objectively measurable fever response associated with AECOPD.
As the clinical symptoms of acute viral infection occur as the direct effect of up-regulation of the acute phase immune response, it was possible that measuring inflammatory activity might assist in excluding non-inflammatory triggers for reported symptoms. 18, 33, 34 In this study, there was an acute increase in both IL-6 and SAA at onset of AECOPD compared with baseline and IL-6 levels were higher in viral versus non-viral events. When IL-6 levels were combined with clinical symptoms the combined model was significantly more accurate than either parameter in isolation. The addition of SAA to our prediction models did not significantly improve diagnostic accuracy but did exclude more mild events. This demonstrates that SAA may have greater utility for identifying severe viral infection such as influenza 35 vaccinated COPD population predicts viral infection with approximately 70% accuracy. Previous reported multivariable case-definitions of viral illness have not included markers of systemic inflammatory activity. Our results demonstrate that the acute phase proteins (IL-6 and SAA) did not differentiate viral from bacterial infection without the addition of clinical information. However, the addition of inflammatory markers to the clinical model did improve the overall diagnostic accuracy of the case definition. In the context of an epidemic, this approach using a combination of a clinical case definition with objective measures of inflammatory activity such as SAA, could be developed to assist in the rapid identification of more severe viral respiratory tract infections.
